Abstract: Many streams in the US are impaired because of high Soluble Reactive Phosphorous (SRP) contributions from agriculture. However, the drivers of ecological processes that lead to SRP loss in baseflow from groundwater are not sufficiently understood to design effective Best Management Practices (BMPs). In this paper, we examine how soil temperature and water table depth influence the SRP concentrations in groundwater for a dairy farm in a valley bottom in the Catskills (NY, USA). Measured SRP concentrations in groundwater and baseflow were greater during the fall, when soil temperatures are warmer, than during winter and spring. The observed concentrations were within the bounds predicted by groundwater temperatures using the Arrhenius equation, except during fall, when concentrations rose above these predictions. These elevated concentrations were likely caused by mineralization and consequent accumulation of phosphorous (P) in summer. In addition, SRP concentrations were greater in near-stream areas, where water tables where higher. In short, SRP concentrations are dependent on temperature, demonstrating the importance of understanding the underlying mechanism of
Introduction
Many streams in the US are impaired due to elevated phosphorus (P) concentrations [1] [2] [3] that enter the stream via overland flow, subsurface flow and via point sources [4] [5] [6] [7] [8] . Agriculture is one of the main contributors and accounts for approximately half of the total P discharged into U.S. streams annually [9] . Especially in dairy-based agricultural systems, P is often applied to soils in excess of crop needs and therefore accumulates to problematic levels, whereby additional P cannot be effectively retained and becomes available for leaching with the soil solution [10] . To protect New York City's water supply, located in the Catskill Mountains of New York State, the New York State Department of Environmental Conservation (NYSDEC) requires that reservoir P levels not exceed 20 μg L −1 [11] . As a result, Best Management Practices (BMPs) have been installed in order to control surface derived nutrient losses to water bodies (e.g., exclusionary fencing and cattle crossing [12] , drainage ditch short circuiting [13] , vegetative filter strips, [14, 15] and other BMPs' types [16] [17] [18] [19] [20] [21] . Although recent research has shown that groundwater discharge can play a significant role in the loading of dissolved nutrients to surface water [22] [23] [24] , limited research in the Catskill Mountains and elsewhere has been conducted on controlling Soluble Reactive Phosphate (SRP, or orthophosphate <45 µm) contributions from baseflow and groundwater [3, [25] [26] [27] . Phosphorus concentration in baseflow and groundwater depends, among others things, on the water table depth with generally greater concentration occurring for shallow water tables than for deeper water tables, as noted by Obour et al. [28] and Martin et al. [29] in Florida, where the high concentrations resulted from the organic rich layers at the shallow depths. Scott et al. [30] found similar relationship between P concentrations and water table depth in the Catskills. In addition, SRP concentrations in streams may vary significantly with the time of year [31, 32] . In the northeast US, concentrations are elevated during late summer and fall when temperatures are also elevated, and concentrations are low in late winter and early spring with low temperatures [33] . Temperature is the ecological driver and affects the anoxic conditions and rate constants of many chemical and microbiological reactions controlling the release of P to groundwater [34] [35] [36] . The Arrhenius equation has been used for simulating the temperature effects of the biotic and abiotic processes that describe the P loss [37] [38] [39] [40] [41] [42] [43] .
In this paper we are interested in determining to what extent temperature (a driver of ecological processes) and groundwater table depth (resulting from landscape processes) affect SRP concentration in groundwater and in stream baseflow with the ultimate goal of finding ways to reduce contributions of P to baseflow by the use of specialized best management practices. To do this we will analyze a set of groundwater SRP data collected on a farm located on alluvial soils of the Catskill Mountains of Upstate New York.
Materials and Methods

Study Site
The study was conducted from June 2004 through April 2006 on an alluvial valley plain in the Catskill Mountains of New York State (Figure 1 ). The 19 ha study site is located on a dairy farm in a valley bottom along a tributary of the West Branch of the Delaware River in the Cannonsville Reservoir watershed (1165 km 2 ) that supplies drinking water to New York City [44] . It has a physiography characterized by narrow valleys with steep walls and flat valley bottoms. The depth to the groundwater table in the study site varies between zero and 1.0 m for much of the year. In the southern area of the study site, regional groundwater flow intersects the surface and forms saturated areas during October to May when precipitation exceeds evapotranspiration. A small creek originates from springs on the surrounding hills and drains into the main stream flowing from north-to-south (labeled as Creek B in Figure 1 ). Creek B is solely fed by baseflow from groundwater and was used for stream sampling. Soils are classified in the Barbour-Trestle complex (coarse-loamy-skeletal over sandy or sandy-skeletal mixed, active, mesic Fluventic Dystrudepts). The principal water-bearing material is Pleistocene sand and gravel [45] . Overland flow is typically absent because of the high infiltration rates of these alluvial soils. Depth to the bedrock is approximately 18 m based on a measurement taken from a nearby well located 1 km to the north [44] . The climate of the study site is humid continental with an average temperature of 8 °C. The average annual precipitation is 112 cm year −1 [46] one-third of which falls as snow. The growing season is from May to September. The nearest weather station is located in Walton, 9 km to the southeast of the field site. The monitoring site is located on a farm that encompasses 19 ha of valley bottom land parallel to the stream and 119 ha of uphill lands (not shown in Figure 1 ) dominated by deciduous forest. Of the 19 ha of valley bottom land, 10 ha is managed as corn and 9 ha as pasture. In June 2005 the land use changed in the southern area of the farm on approximately 4 ha, from pasture to corn land for the remainder of the study. Rotation follows a three year cycle of Alfalfa and corn. The farm has 60 adult dairy and beef cows and 36 heifers producing 833 Mg (ton) of manure annually. The farm does not have any manure storage so the manure is generally handled and applied daily as a solid and milkhouse wastewater is sometimes added to it for its disposal. In the winter about eighty percent of the manure is spread on the valley bottom lands (average rate of 35 Soil samples taken in the field around the farm in 2004 showed that total P concentrations were above the levels that indicate of high P accumulation in the soil [12] .
Groundwater Sampling
To measure water table heights and facilitate groundwater sampling, 22 subsurface PVC piezometers were installed at depths ranging from 0.3 to 1.5 m in the southern field of the study site ( Figure 1 ) [44] . The piezometers were 3.5 cm in diameter; with a screened length of 0-0.3 m from the bottom and wrapped with geosynthetic filter cloth. Piezometers were closed at the bottom and were installed by auguring a hole with a diameter slightly larger than the piezometer. The piezometers were then sealed with bentonite to exclude overland flow from entering the piezometer. A total of 542 groundwater samples were drawn from the piezometers from July 2004 to April 2006. Capacitance probes (TruTrack Inc, Christchurch, New Zealand) were installed adjacent to the piezometers to measure the groundwater table height on 1 h intervals at 1 mm resolution.
Stream Sampling
A total of 146 stream water samples were taken at four locations (B1, B2, B3, and B4) along the course of Creek B. B1 was the spring of the creek and sampling points B2, B3, and B4 were located 65, 130, and 200 m downstream, respectively. Sampling site B4 was located directly upstream from the confluence with the main stream. More information about stream water quality data and analysis are given in [12] . Piezometers and Creek B were sampled on the same day at 15-day-intervals. Sampling dates were grouped by season for data analysis.
Water Chemistry Analysis
Groundwater and stream flow samples were collected at least bimonthly from June 2004 through April 2006. At each sampling time, 100 mL samples were collected using a peristaltic pump rinsed with distilled water before each use. Piezometer purging was done prior to sample collection. The pump's output tube was kept in the sampling bottle for the entire pumping duration to allow the groundwater to be well mixed, and to minimize water contact with ambient air during pumping. Water samples were collected with no headspace and stored in coolers for transport to the laboratory. Water samples were filtered through 0.45 μm membrane filters using a vacuum pump filtering system, and the filtered samples were analyzed for SRP within 24 h of sampling, or were stored at 4 °C until analysis. The samples were analyzed using the OI Analytical FlowSystem 3000 Automated Ascorbic Acid Method for SRP with a detection limit of 0.001 mg L −1 [Method 4500-P G (Ortho-P) and
Modeling of Ground Water Flow and Streamlines
The groundwater table heights were measured at 22 locations paired with the sampling piezometers ( Figure 1 ), and the capacitance probe elevations were referenced to a common elevation with a laser survey. The groundwater flow direction was determined based on the measured water table heights using Visual MODFLOW. Both streamlines and groundwater flow were determined for average steady state flow conditions over almost two years from 6 June 2004 to 30 April 2006 based on observed groundwater table heights.
The boundary conditions for the MODFLOW model consisted of a constant head boundary at the northern edge obtained from the capacitance probes installed adjacent to piezometers P8, P9, and P10 ( Figure 1 ). The capacitance probes measured vertical variations in the water table height intercepting the groundwater flux coming from upstream areas. For the southern edge a constant head boundary was defined at the surface water level elevation of the main stream ( Figure 1 ). The stream course and the shallow bedrock layer along the western hillside were used to define the eastern and western edge boundaries, respectively, as no-flow boundaries. Depth to bedrock was assumed to be 18 m for the valley bottom between both the eastern and western hillslopes based on the nearby well borehole and landscape observations. The model was calibrated by varying the saturated hydraulic conductivity and the constant head boundaries to obtain the best fit to the observed water table heights averaged over the 672 days period.
Spatial Analysis of Ground Water SRP
To obtain a spatial pattern of groundwater SRP, the log transformed average measured groundwater SRP concentrations in spring, summer, fall, and winter were evaluated were interpolated with ordinary kriging using the Geostatistical Analyst extension in ArcMap 9.2 [48]. Cross-validation was used to evaluate spatial modeling errors [48] . The prediction errors that were measured during the cross-validation include: mean, root-mean-square (RMS), average standard, mean standardized, and RMS standardized.
Predicting Temperature Effect on SRP Concentrations
The temperature effects on SRP concentrations were simulated similar to Hively et al. [49] using an Arrhenius type of equation [38, 41, 43] :
( 1) where C w is the SRP export coefficient (mg L as the value that best fit the model, and X the factor change (range 1 to 5) for a 10 °C change in temperature (see also Table 3 ). Hively et al. [49] obtained a good fit for observed and predicted SRP values in the Catskill's using X = 2.5. The soil temperature (T) in Equation (1) at a depth z (m) was calculated assuming that the annual surface temperature varies as a sine wave [50, 51] :
where = � 2 is the damping depth (m) described by D t , the soil's thermal diffusivity (m 2 d −1 ) and ω = 2π/365 the radial frequency (d −1 ), T a the annual average air temperature (°C), A 0 is annual amplitude of the air temperature (°C), and t 0 a lag time so that when t 0 days have passed (starting at t = 0) the air temperature is equal to the average air temperature, i.e., T(t 0 , 0) = T a .
Results and Discussion
Precipitation
The partial years sampled during this study had approximately normal precipitation levels [12] . The average precipitation during the growing season (May to September) and the non-growing season were 596 mm and 661 mm, respectively [46] 
Groundwater Flow and Streamlines
Water table height across the study area increased and decreased at approximately the same rate during the study period (with the exception of a few piezometers close to the stream and at the southern area). At these locations, the groundwater table reached the surface during large storms. Thus, since the groundwater gradients changed minimally during the course of the year, we used a steady state MODFLOW model to determine groundwater flow. The hydraulic conductivity was used as calibration parameter for obtaining a good fit. The fit using a saturated conductivity of 10 m day −1 between the calibrated state and observed average water table height was satisfactory with an R 2 = 0.76 (p-value <0.001) (Figure 2) . Overall, the groundwater table surface followed the ground surface elevation with horizontal hydraulic gradients of approximately 0.01.
Figure 2.
Comparison of observed water heights measured using piezometers versus predicted water heights modeled using MODFLOW.
The calibrated equipotential lines for the groundwater and the streamlines for the 22 piezometers are shown in Figure 3 . The streamline for P21 had the shortest travel distance (30 m) before reaching Creek B, and P8 had the longest travel distance (420 m) to the main stream water course (Figure 3 ). Streamlines indicated that only nine of the 22 piezometers influenced Creek B (P10, P12, P15, P17, P18, P21, P22, P27, and P30 in Figure 3 ) under average state groundwater flow. Although there were some piezometers (e.g., P14 and P26 in Figure 3 ) located at a relatively short perpendicular distance from Creek B, streamlines of these piezometers indicated that they did not influence Creek B.
The groundwater flow's average linear velocity was estimated using Darcy's Law. Taking the calibrated saturated hydraulic conductivity, K s , of 10 m day 
Groundwater and Stream Flow SRP Concentrations
Overall groundwater and baseflow concentrations were similar and around 0.035 mg L −1 with concentration greatest during the fall and lowest during spring (Table 1) . Minimum concentrations observed in baseflow during summer and spring, were around 0.01 mg L −1 and less than 0.005 mg L −1 during fall and winter (Table 1) . During high flow events maximum concentrations were significantly greater in the baseflow of Creek B and the groundwater because the groundwater came close to the ground surface where P concentrations were greater [44] . In these cases surface water table intersected with the ground likely contributing to the elevated concentrations in Creek B. Groundwater SRP concentrations are similar to those reported by Young and Briggs [52] for agricultural fields and riparian areas in central New York State. 
Spatial Variability of Groundwater SRP
Two seasonal maps describing the growing season (spring, summer), and two maps describing the non-growing season (fall, winter) were created with kriging using log-transformed groundwater SRP data. The estimated seasonal groundwater SRP concentration maps at 10-m resolution are shown in This spatial distribution indicates that the area susceptible to greater groundwater SRP concentrations is located in the downstream area of Creek B between the creek itself and the main stream water course. The estimated groundwater SRP concentrations in Figure 4 based on a kriging interpolation of the observed data groundwater are deemed to be acceptable. The cross-validation results for this analysis are summarized in Table 2 whereby the mean predicted SRP errors are close to zero and the RMS standardized errors are near unity, with the results relatively similar across all four seasons.
More observations would have generated more robust estimations as indicated by the mean standardized errors being slightly larger than mean errors. Nevertheless, the scatter plot of observed versus the predicted SRP values shown in Figure 5 are clustered around the 1:1 line, although there are some outliers particularly for the fall season. Regression slopes for the spring, summer, fall, and winter, were 0.71, 0.80, 0.46, and 0.83 respectively, indicating some under prediction. This is likely due to the kriging method that uses average data based on distances to known concentrations, and can therefore not predict the outliers (high concentrations due to preferential flow). 
Relationship between Groundwater SRP Concentrations, Temperature and Groundwater Depth
The distance along the streamline to Creek B and the average SRP concentration for the area drained by Creek B is plotted in Figure 6 for each of the seasons of the year. Most elevated SRP concentrations occur in fall within 75 m from the Creek B (Figure 6b ). SRP concentrations during winter are all below 0.06 mg L −1 and there is no distinct trend with distance to stream unlike for the fall (Figure 6a ). SRP summer and spring concentrations (Figure 6a ) are less than the concentrations during fall and greater than the concentrations in winter (Figure 6b ). The minimum concentrations are decreasing with distance to stream for the growing season. Note that at distances at more than 150 m there are much high values that deviated from the main regression line. This is probably caused by the decreasing effect of preferential flow as the groundwater becomes deeper and hence it is likely there are fewer connected macropores to that depth, meaning that only for large rainfall events water and P will penetrate to that depth. Similarly, such a trend does not exist for distances close to the creek, especially in fall, when the high concentrations are likely caused by preferential transport of SRP rich water from the manure spread at the surface. These findings are similar to that of Carlyle and Hill [53] in an agricultural region of southern Ontario, Canada where concentrations closer to the stream were greater than sampling points located at 100-140 m from the stream (<0.025 mg L −1 ). Since manure has been spread over these fields for more than 100 years there is a strong indication from the literature that SRP concentration are greater when saturated conditions occur in the P rich labile pool layer [5, 7] , one can expect that some of the variation in SRP concentration with distance to stream is caused by the depth of the groundwater. We re-plotted the data of Figure 5 with respect to water table depth (Figure 7) . Groundwater depth was obtained from MODFLOW for each 10 m grid.
Especially for the summer when leaching is rare, we see a general increase in P values with decrease in water table depth. (A fitted exponential curve to data is shown in Figure 7a and shows an upward trend with an R 2 of 0.60). During the fall there was a similar trend of increasing concentrations with decreasing water table depth, but due to the large scatter, the fit was poorer. However, this increasing trend does not exist in general for the winter except when the water table is within 25 cm of the ground surface. Similar to spring, only when the water table is within 25 cm of the soil surface, concentration increases (trend lines are not shown). Thus, the different behavior of the concentrations with depth greater than 25 cm for fall and summer compared with spring and winter cannot be explained by more P in the profile near the surface as suggested by the authors in Florida [28, 29] because the response would be independent of time. Therefore, other factors must be affecting the P concentration. We propose that these are the soil temperature and preferential transport of P after early fall manure applications when plant uptake has diminished, and these factors are discussed in the following paragraph. In order to predict the impact of temperature, we first determine the soil temperatures at the water table with Equation (2) . Since thermal diffusivity is almost independent of moisture content [8] , we use D T = 0.04 m 2 day −1 (Table 3 ). Once we have determined the soil temperature, the Arrhenius relationship (Equation (1)) is employed to estimate the maximum and minimum concentration during the growing and non-growing seasons. The maximum concentration is calculated by using the warmest days during each of the periods. This is the middle of the summer for growing period (20 July) and the beginning of fall (21 September) for the non-growing periods. The minimum concentrations are estimated by using the coldest day during each of the periods, 20 January for the non-growing season and 21 March for the growing season ( Figure 7 ). For the X factor in Equation (2) that determines how much the reaction increases for a 10 °C rise in temperature, the same value X = 2.5 is used as per Hively et al. ([49] ; and Table 3 (Table 3) . Table 3 . Parameter values used for predicting soil temperature and SRP boundaries [Equations (1) and (2) Figure 7 shows that during three of the four seasons (winter, spring and summer), the observed points fell well within the outer bounds predicted with the Arrhenius equation for the coldest and warmest days indicating that soil temperature is an important factor in changing the concentration from one season to the next. This is similar to the seasonal change in SRP that other studies have found [31, 32, 54, 55] . It shows that in addition to effects of seasonal variation in the dominant hydrologic pathway and in-stream control via high rates of net nutrient uptake [56] , an increase in temperature directly or indirectly can promote the SRP release in the groundwater, most likely by stimulating chemical and microbiological processes [34, 36, 57, 58] . Only during the fall, the maximum predicted phosphorus concentration with the Arrhenius equation does not reflect the observed concentrations (Figure 7b ). There are many points above the line but none below it. These elevated concentrations are not observed during other periods of the year. It has been shown that high P concentrations soon after manure application can be attributed to preferential flow through macropores with almost no bounding of P to the column [59] . We therefore expect that some of the high concentrations found in this study are caused by preferential flow from the fall applied manure, after crop nutrient uptake ceases. In summer when evaporation exceeds the precipitation, there is usually very little leaching. The application of manure in winter and spring occurs when the soil temperatures are at their lowest; the result of cold temperatures and temperature damping at depth. During the fall period the soil temperature is still relatively warm so the labile pool of P, especially the organic fraction of ligand exchange and complexation, is still quite active and decomposing. Spreading manure wastewater at this time has the effect of decreasing the zero-sorption P equilibrium concentration and reducing the amount of P that can be stored in the labile pool [60] . In addition, the mineralization and subsequent accumulation of P in the summer may add to the leaching of P in the fall. The coarse loamy (low clay content) soil texture in this alluvial valley bottom soil also does not exhibit much potential for precipitation or adsorption of the released P to iron/aluminum oxides, so, upon wetting and reduction of the organic pool in the fall, the released P is rapidly mobilized to the shallow groundwater.
Best Management Practices
Nutrient management can affect the groundwater in two ways. Concentrations in the top 25 cm were usually increased independent of the time of the year ( Figure 7 ). When groundwater approaches the soil surface in the near-stream areas, the elevated concentration of P at the soil surface has a direct effect on the P concentration in the water's zone. In such cases a reduction in the surface concentration P by applying less manure in these areas will reduce P concentrations in the near stream areas. This practice has been effective in the upland areas of the Catskills Mountains Best management practices (BMPs) that prevented the spreading of manure in near stream areas and high P fields have been shown to be an effective way to manage P in runoff [18, 61, 62] . A second effect of management on groundwater is the time of spreading. We did not see any high concentration of P in groundwater during spring because manure applied throughout the winter probably increased the soil organic matter somewhat, which subsequently increases the P sorption maximum. Although the largest P losses from manure occur shortly after spreading in liquid manure handling systems [59] , this farm applied more solid manure that contains higher amounts of organic material. In fall when manure was applied we noted high concentration in groundwater especially after large storms (such as in [44] ) when preferential flow with the SRP from the manure was likely the cause of these high concentrations. After high concentrations occur, the concentrations at the next sampling date decreased [12] because of interactions with the soil matrix. By applying manure in areas where the groundwater is deep, P can be absorbed by a greater soil mass, avoiding preferential transport of P and decreasing the concentration of the matrix. This in turn results in decreasing the equilibrium concentration of groundwater SRP.
Conclusions
In this study, groundwater and stream flow were monitored over a two year period to quantify the impact of ecological and physical drivers on SRP groundwater concentrations in a valley dairy farm in the Catskill Mountains of New York State. MODFLOW was used to simulate the steady state groundwater streamlines. Kriging was employed to estimate spatial SRP patterns in groundwater. SRP concentrations were greater during the warm periods when the chemical and microbial processes were enhanced. SRP concentrations predicted with the Arrhenius equation (using groundwater temperatures as input) bounded the observed SRP concentration, with the exception of the fall when preferential flow was likely responsible for the increased P concentrations. In addition, where groundwater was within the root zone, SRP concentrations were elevated. Hence, management practices that include land application of manure at times when soils are relatively dry and on fields where groundwater recharge is minimal, i.e., fields with a deep groundwater table, will minimize baseflow SRP concentrations.
